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Specific neurosecretory cells of the Drosophila brain
express insulin-like peptides (dilps), which regulate
growth, glucose homeostasis, and aging. Through
microarray analysis of flies in which the insulin-pro-
ducing cells (IPCs) were ablated, we identified a tar-
get gene, target of brain insulin (tobi), that encodes
an evolutionarily conserved a-glucosidase. Flies
with lowered tobi levels are viable, whereas tobi
overexpression causes severe growth defects and
a decrease in body glycogen. Interestingly, tobi
expression is increased by dietary protein and
decreased by dietary sugar. This pattern is reminis-
cent of mammalian glucagon secretion, which is
increased by protein intake and decreased by sugar
intake, suggesting that tobi is regulated by a gluca-
gon analog. tobi expression is also eliminated upon
ablation of neuroendocrine cells that produce adipo-
kinetic hormone (AKH), an analog of glucagon. tobi is
thus a target of the insulin- and glucagon-like signal-
ing system that responds oppositely to dietary
protein and sugar.
INTRODUCTION
All organisms need energy and nutrients to support develop-
ment, growth, and reproduction. In multicellular animals, com-
munication between specialized organ systems enables the
body to adapt to varying food conditions. Sensory organs
receive initial inputs on the availability and suitability of nutrients,
and upon food intake, the nutritional information is relayed to the
neuroendocrine system. This in turn modulates physiologic
response based on the type of nutrient taken in and the body’s
metabolic needs. In mammals, one of the most important
systems for controlling metabolism consists of the antagonistic
actions of insulin and glucagon (Freychet, 1990; Ganong,
1991). Upon high sugar intake, insulin is secreted by pancreatic
b cells to maintain glucose homeostasis. When blood glucose is
low, glucagon is secreted by pancreatic a cells, which causes
the release of glucose from glycogen breakdown. The antago-
nism is not strict, however, since amino acids positivelymodulate both insulin and glucagon secretion. The coordinated
activities of insulin and glucagon represent a key regulatory
network that controls body metabolism, and its failure to function
properly can result in severe disease conditions such as
diabetes.
Insulin- and glucagon-like peptides have also been found in
Drosophila, where they are represented by the seven DILPs
(Brogiolo et al., 2001; Cao and Brown, 2001) and adipokinetic
hormone (AKH), respectively (Wu and Brown, 2006). Three dilps
are expressed in the median neurosecretory cells of the brain,
whereas akh is expressed in an endocrine tissue called the
corpora cardiaca (CC). The two cell types are directly connected
by axons of the insulin-producing cells (IPCs) that project to the
CC (Rulifson et al., 2002), reminiscent of the close association
between the a and b cells of the pancreas. Ablation of IPCs
results in increased hemolymph glucose levels and, interest-
ingly, an increase in life span (Broughton et al., 2005; Wessells
et al., 2004). Dysregulation of glucose homeostasis is also ob-
served when akh-expressing cells are ablated (Kim and Rulifson,
2004; Lee and Park, 2004). These findings suggest that the insu-
lin-glucagon system of mammals and the DILP-AKH system of
Drosophila may have analogous roles in regulating metabolism.
Little is known about the genomic targets through which DILP
and AKH signaling act. Targets of AKH signaling have not been
addressed, while tissue culture studies have identified genes
regulated by dFOXO, a transcription factor that mediates DILP
signaling. These studies have demonstrated, for example, that
genes encoding theDrosophila insulin receptor (dinr) and a trans-
lational regulator, d4e-bp, are directly activated by dFOXO
(Ju¨nger et al., 2003; Puig et al., 2003). However, dFOXO is likely
not the sole mediator of insulin signaling, and these studies
cannot address paracrine or endocrine effects. We previously
took a complementary approach by using whole organisms to
identify genes regulated by different nutrient conditions (Bauer
et al., 2006; Zinke et al., 2002). Both dinr and d4e-bp were also
identified as being nutrient-dependent genes, but each had a
distinct expression profile in response to starvation and sugar
diets. Genes regulated in a more complex manner were also
found, indicating regulatory inputs by multiple nutrient signals.
These issues are particularly relevant in vivo since animals rarely
take in pure nutrient in terms of, for example, sugars or proteins.
In this paper, we have used a combination of genomic and
neuroendocrine approaches to characterize a peripheral target
of insulin and glucagon signaling in Drosophila. We haveCell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc. 321
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tobi, Target of Insulin- and Glucagon-like SignalsFigure 1. Targeted Ablation of Insulin-Producing Cells in Adults and Genomic Identification of Their Signaling Target
(A and B) The transgenic fly line InsP3-Gal4, carrying the promoter region of dilp3, was used to drive expression of LacZ (b-gal) by crossing to UAS-tLacZ. b-gal
(shown in green) was detected by antibody staining in larvae (A) and adults (B). The staining was performed together with fluorescence in situ hybridization against
dilp3 (shown in red) to confirm colocalization of dilp3 expression and dilp3 promoter-induced b-gal expression in the insulin-producing cells (IPCs). npf (neuro-
peptide F) staining was used as a morphological landmark.
(C–E) Two promoter lines, InsP3-Gal4 and akh-Gal4, were used to demonstrate the connection between DILP- and AKH-producing cells in adults.
(C and D) b-gal was expressed under control of both promoters and detected by antibody staining (shown in red) (C). The axonal projection pattern of the IPCs can
be followed down to the corpora cardiaca, which is located along the esophagus just above the proventriculus (magnified in [D]). Draq5 is a nuclear marker; 22C10
is a neuropil marker.
(E) Outline of the adult central nervous system. B, brain; F, foramen; OE, esophagus; P, proventriculus; VNC, ventral nerve cord.
(F–K) Adult-specific destruction of IPCs by the apoptosis-promoting factors rpr and hid. These were introduced as either UAS-RPR or UAS-RPR/HID by crossing
to the InsP3-Gal4-line. InsP3>LacZ (F and I) was used as control line. IPCs were unaffected in late third-instar larva (G and H) as shown by histochemical in
situ hybridization. In adult flies, about half of the cells were destroyed by UAS-RPR alone (J), while all of the IPCs were destroyed by the UAS-RPR/HID
combination (K).
(L) Microarray data for InsP3>LacZ versus InsP3>RPR/HID female flies grown on yeast paste for 48 hr. Only genes that were regulated more than 3-fold up or
down are included.322 Cell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc.
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tobi, Target of Insulin- and Glucagon-like Signalsidentified an evolutionarily conserved a-glucosidase whose
transcriptional regulation is dependent on the activities of both
DILP- and AKH-producing cells. Its activation occurs through
a dFOXO-independent mechanism, and its level is oppositely
modulated by dietary amino acid and sugar levels. These results
have relevance for understanding how the neuroendocrine
system integrates multiple nutrient signals to regulate life span
and metabolism.
RESULTS
A Glucosidase-Encoding Gene Is a Target
of Insulin Signaling
The IPCs send axons to various tissues, including the CC (Ikeya
et al., 2002; Rulifson et al., 2002; Figures 1A–1E). Three of the
seven dilps are coexpressed in the IPCs: dilp2 and dilp5 are
expressed uniformly throughout the different larval stages,
whereas dilp3 increases steadily during larval development
(Broughton et al., 2005; Ikeya et al., 2002; Rulifson et al., 2002;
see also Figure S1 available online). We generated a dilp3
promoter-Gal4 line that, in combination with UAS-reaper
(UAS-RPR) and UAS-head involution defective (UAS-HID), ab-
lates IPCs specifically at the postlarval stage (Figures 1I–1K).
Larval IPCs were not ablated (Figures 1F–1H) in this line, and
larval growth and viability were not affected (data not shown).
To identify the transcriptional targets of signals emanating from
the IPCs, we performed microarray analysis of IPC-ablated adult
female flies versus control flies kept on a yeast paste diet for
48 hr. There was a dramatic change in CG11909, a gene pre-
dicted to be involved in carbohydrate metabolism: this gene
was downregulated over 17-fold in IPC-ablated flies as com-
pared to controls (Figure 1L). This was striking in that it was
not only the most regulated gene but also the only gene regu-
lated to this degree. The next highest regulated gene, either up
or down, was around 4-fold; this included CG9468, which was
upregulated and encodes an a-mannosidase. Both RT-PCR
and quantitative PCR analysis (Figures 1M and 1N) supported
the microarray data for CG11909, which we have termed target
of brain insulin (tobi). Using UAS-RPR alone showed an interme-
diate repression of tobi, consistent with our results showing par-
tial ablation of IPCs when UAS-RPR alone was used (Figures 1J
and 1M). Using UAS-HID alone also resulted in repression of tobi
expression (Figure 1M). Destruction of IPCs is not a necessity for
suppression of tobi since expression of tetanus toxin light chain
(TeTxLc), which blocks synaptic transmission (Sweeney et al.,
1995), also resulted in downregulation of tobi expression(Figure 1M). To determine whether these results could be
attributable to dilp transcription within the IPCs, we generated
different lines of UAS-dilp3 RNAi constructs and expressed
them in IPCs using the dilp3 promoter (InsP3-Gal4/UAS-d3Ri).
This resulted in a significant decrease in dilp3 transcript levels
(Figure 1O), and tobi expression was also eliminated in these flies
(Figure 1P). Expression of dilp2 and dilp5 was also downregu-
lated (Figures 1Q and 1R), likely due to the high sequence homol-
ogy of the three dilps. Driving the UAS-d3Ri construct in the fat
body or in specific gut cells did not have a significant effect on
tobi expression (Figure S1F). Taken together, these results indi-
cate that dilp activity in the IPCs is required for tobi expression.
tobi encodes an a-1,4-glucosidase that is highly conserved in
human, mouse, and zebrafish (Figure S2). In situ hybridization of
female flies grown on yeast showed that tobi is expressed in
a specific region of the gut (Figure 2A, black arrow; Figure 2E).
It is also expressed in a small tissue that appears to be fat cells
surrounding the posterior region of the gut (Figure 2A, white
arrow; Figure 2F); similarly stained cells were also found near
the ovaries (Figure 2G). When the IPCs are ablated, expression
of tobi in these tissues is eliminated (Figure 2C). Together with
the genomic data, these results indicate that tobi is a peripheral
target of DILP signaling emanating from the brain.
tobi Is Activated by Protein and Repressed by Sugar
As insulin signaling in mammals is strongly regulated by diet, we
asked whether tobi is also regulated by dietary conditions. tobi
expression was indeed dependent on diet (Figures 2A, 2B, and
2H), being higher when flies are grown on yeast paste than
when flies are grown on fly maintenance food (referred to as
‘‘fly food’’). When IPCs were ablated, diet no longer had any
influence: tobi was repressed regardless of food condition
(Figures 2C, 2D, and 2H). It should be pointed out that both
food conditions allow complete life cycle of Drosophila, and
the choice of food used depends on the specific needs, e.g.,
females lay many more eggs per unit of time on yeast paste
than on fly food. The main difference in macronutrient composi-
tion between yeast paste and fly food is the relative concentra-
tion of protein versus carbohydrate. Yeast paste is high in protein
and low in carbohydrate, whereas fly food is low in protein and
high in carbohydrate. To determine how dietary protein and
sugar affect tobi expression, we first tested various concentra-
tions of yeast extract in 20% sucrose. As seen in Figure 2I, there
was a concentration-dependent decrease of tobi expression
with decreasing yeast extract, indicating that protein positively
modulates tobi expression. A different protein source, casein,(M and N) Expression analysis of tobi in different fly lines by quantitative and semiquantitative RT-PCR.
(M) InsP3>LacZ was used as control and was set as 1. The effect of the apoptosis-promoting factors RPR and HID and the combination RPR/HID on tobi
expression is shown relative to control. InsP3>TeTxLc, which results in blockage of synaptic transmission in IPC neurons, also affects tobi expression. A similar
effect is seen in transgenic flies expressing dilp3RNAi under the control of InsP3-Gal4. p values = InsP3>dilp3RNAi, 4.2e4; InsP3>RPR/HID, 2.5e4; InsP3>HID,
4.2e3.
(N) Comparison of tobi expression by RT-PCR in different lines.
(O) Downregulation of dilp3 mRNA levels in independent dilp3 RNAi lines under the control of InsP3-Gal4. Endogenous dilp3 levels are detected by two different
primer sets amplifying the 50 and the 30 end of the gene. Downregulation of mRNA was observed to different extents in the independent transgenic lines.
InsP3>LacZ was used as control.
(P) Expression of dilp3 RNAi in the IPCs affects tobi mRNA levels. d3Ri refers to UAS-dilp3 RNAi.
(Q and R) dilp2 (Q) and dilp5 (R) levels are decreased in InsP3>d3Ri. Due to the sequence homology among the dilps, dilp3 RNAi constructs also induce
degradation of dilp2 and dilp5 mRNA.
Quantitative and semiquantitative RT-PCR were performed with 14-day-old female flies fed on yeast paste for 48 hr. Error bars represent standard deviation.Cell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc. 323
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tobi, Target of Insulin- and Glucagon-like SignalsFigure 2. Spatial and Nutrient-Dependent Expression of tobi in Adult Flies
(A–D) Histochemical in situ hybridization of tobi in IPC-ablated flies compared to control flies.
(A) tobi expression pattern in InsP3>LacZ control flies fed on yeast paste. Black arrow marks expression in the gut; white arrow marks expression in the fat body.
(B) Expression of tobi in control flies fed on fly food. Black arrow marks expression in the gut, which is weaker compared to yeast-fed flies.
(C and D) InsP3>RPR/HID flies did not show any specific expression of tobi on either yeast paste (C) or fly food (D).
(E–G) Fluorescence in situ hybridization of tobi in yeast-fed wild-type flies. tobi expression is shown in red. Nuclei are stained with Draq5 (blue). Specific
expression is found in the gut (E) and in fat body attached to either the gut (F) or the ovaries (G).
(H) tobi expression level as determined by quantitative RT-PCR. InsP3>LacZ maintained on fly food was used as control and set as 1. tobi expression was
increased in yeast-fed InsP3>LacZ flies compared to the same flies fed on fly food. IPC-ablated flies (InsP3>RPR/HID) did not show tobi expression under
the two different food conditions.
(I–P) Dietary protein- and sugar-dependent expression of tobi as determined by quantitative RT-PCR.
(I) tobi expression levels were lowered in flies fed on decreasing concentrations of yeast extract diluted in 20% sucrose/PBS.
(J) An effect similar to that in (I) was observed by using casein extract as a different protein source. Control flies (Co) were fed on 67% yeast extract diluted in 20%
sucrose.
(K) tobi expression remains the same when protein concentration is decreased in the absence of sucrose.
(L) tobi expression is induced with decreasing sucrose in a constant concentration (17%) of yeast.
(M and N) tobi is induced with decreasing sucrose (M) and glucose (N) concentrations even in the absence of any dietary protein, but the overall level is lower than
when protein is present. Values are normalized to control flies (Co) fed on 67% yeast extract diluted in 20% sucrose.324 Cell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc.
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tobi, Target of Insulin- and Glucagon-like Signalswas also effective in increasing tobi expression (Figure 2J).
Interestingly, the ability of dietary protein to regulate tobi in a
concentration-dependent manner was dependent on the pres-
ence of sugar: when sugar was absent, tobi expression remained
Figure 3. Influence of dFOXO on tobi Expression
(A) The absence of the transcription factor dFOXO influences tobi expression
in adults. In dfoxo transheterozygous mutant females (dfoxo25/dfoxo21, /),
tobi expression is decreased under both fly food and yeast paste conditions
as compared to heterozygous controls (+/dfoxo25 and +/dfoxo21, +/).
(B) Insulin-signaling-dependent expression of tobi in larvae. rpr and hid
expression under control of the dilp2 promoter results in IPC ablation at the
larval stage (Rulifson et al., 2002). As in adults (see Figure 1M), tobi expression
is decreased in third-instar larvae. dilp2-Gal4-driven UAS-LacZ was used as
control and set as 1. Larvae were grown on yeast paste.
(C) In dfoxo transheterozygous mutant larvae, tobi expression is also
decreased under fly food and yeast paste conditions.
(D) Overexpression of a constitutively active form of dFOXO in an organ-
specific manner can affect tobi expression. To overexpress dFOXO, the fat
body-specific driver ppl-Gal4 and the ubiquitously active arm-Gal4 were
used. Wild-type flies served as control. Overexpression of dFOXO could be
observed with both drivers, but only fat body-specific expression could lower
tobi mRNA level.
(E) Expression of tobi and d4e-bp in wild-type larvae under different feeding
conditions. Larvae were raised for 48 hr on either yeast paste or fly food. As
in adults (see Figure 2H), tobi expression was higher in yeast paste conditions;
d4e-bp expression, by contrast, was higher in fly food conditions.
(F) Quantitative RT-PCR analysis of d4e-bp and dinr in wild-type larvae raised
for 48 hr on either fly food or yeast paste. Expression levels on fly food were
used as control and set as 1.
Error bars represent standard deviation.high and was refractory to changes in dietary protein concentra-
tion (Figure 2K).
We then modified the dietary sugar concentration while
keeping the protein level constant. Decreasing sucrose concen-
tration resulted in increased tobi expression, indicating that
sugar represses tobi (Figure 2L). When we tested the effect of
sucrose in the complete absence of protein, there was even
greater degree of repression than in the presence of yeast
extract (Figure 2M). Therefore, sugar can repress tobi in a con-
centration-dependent manner even in the absence of protein;
a similar result was obtained using glucose instead of sucrose
(Figure 2N). Again, these regulatory effects were strictly depen-
dent on IPC activity since tobi was repressed in all nutrient
conditions when IPCs were ablated (Figures 2O and 2P).
Taken together, the results of our analysis revealed a highly
sensitive dietary regulation of tobi by the opposing effects of
sugar and protein. Upon complete starvation, there is a certain
basal level of tobi expression; addition of sugar suppresses tobi
from this level, whereas addition of protein increases it. Therefore,
the lowest point of tobi expression is under conditions of low
protein and high sugar, whereas the highest point occurs under
conditions of high protein and low sugar. Since insulin secretion
in mammals is positively regulated by both proteins and sugars,
these results also hinted that tobi responds to a second nutri-
ent-dependent signaling system in addition to insulin signaling.
tobi Activation by a dFOXO-Independent Pathway
To date, the only well-characterized transcription factor mediat-
ing insulin/insulin-like growth factor (IGF) signaling in Drosophila
is dFOXO (Ju¨nger et al., 2003; Kramer et al., 2003; Puig and Tjian,
2006). When insulin/IGF signaling is high, dFOXO remains in the
cytoplasm; when it is low, dFOXO translocates to the nucleus
and activates the transcription of target genes such as dinr
and the translational regulator d4e-bp (also known as thor)
(Ju¨nger et al., 2003; Puig et al., 2003). These observations
implied that dFOXO is localized in the nucleus under conditions
in which tobi expression is low (e.g., under starvation, when insu-
lin/IGF signaling is low), suggesting that dFOXO is likely not the
activator of tobi. dFOXO could act as a repressor since tobi
expression is eliminated when IPCs are ablated. When we tested
tobi expression in dfoxomutants, we observed a decrease in tobi
expression (Figure 3A); however, based on above arguments,
this decrease is unlikely due to dFOXO functioning as an activa-
tor. Rather, we favor the view that this is an indirect effect: since
dFOXO can activate dinr in a feedback mechanism (Puig et al.,
2003; Puig and Tjian, 2006), dfoxo mutants could have reduced
dINR activity and insulin signaling, leading to decreased tobi
expression.
To further investigate the role of insulin signaling and dFOXO
on tobi regulation, we turned to the larval stage. Adults and
larvae have different feeding, growth, and physiological charac-
teristics, and their transcriptional response to specific nutrient
conditions can vary significantly (Bauer et al., 2006; Zinke(O and P) A similar effect of dietary protein on tobi expression is observed in InsP3>LacZ control flies. Again, there is no expression of tobi mRNA in the
IPC-ablated flies (InsP3>RPR/HID). Upon decreasing dietary sugar concentrations, an induction of tobi expression in the control flies is observed, whereas
no tobi expression is seen in the IPC-ablated flies. Control flies (Co) were fed on 67% yeast extract diluted in 20% sucrose/PBS.
Error bars represent standard deviation.Cell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc. 325
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tobi, Target of Insulin- and Glucagon-like Signalset al., 2002). We therefore used a dilp2-Gal4 line (Rulifson et al.,
2002) to ablate the IPCs; in contrast to the dilp3-Gal4 line gener-
ated in this study, the dilp2-Gal4 line ablates the IPCs during the
larval stage and strongly affects larval growth (Rulifson et al.,
2002). Figure 3B shows that tobi is repressed when IPCs are
ablated during the larval stage; tobi is also decreased in dfoxo
mutant larvae (Figure 3C), consistent with the observations in
adults. We then tested tobi expression when constitutively active
dFOXO (i.e., dFOXO that is constitutively localized to the
nucleus) is overexpressed (Hwangbo et al., 2004). Previous stud-
ies have shown that although dfoxo mutants are viable, dfoxo
overexpression can cause lethality (Ju¨nger et al., 2003; Kramer
et al., 2003). We did not observe an influence on tobi using
Figure 4. Immunohistochemical Analysis of Insulin Signaling in
Larval Fat Body under Different Nutrient Conditions
(A) dFOXO localization in larval fat body is altered under different nutrient
conditions. As a readout for insulin signaling, dFOXO localization was moni-
tored in fat body of larvae fed on fly food, yeast paste, 20% sugar diluted in
PBS, or PBS only (starvation). To visualize the membrane of the fat body cells,
UAS-Gap43-GFP was expressed under the control of the pumpless (ppl)
promoter, which is active in fat body. GFP was detected by antibody staining
shown in green. Whereas dFOXO was localized in both the cytoplasm and the
nucleus of yeast-, fly food-, and sugar-fed larvae, it was found exclusively in
the nucleus under starvation conditions. dFOXO antibody staining is shown
in red. Note that cytoplasmic staining in sugar- and fly food-fed larvae appears
as thin lines radiating from the nucleus due to the presence of large fat
droplets.
(B) To monitor insulin signaling activity at an earlier point of the insulin signaling
cascade, we used a fly line expressing tGPH, a marker for PI3K activity. Larvae
were put on the same nutrient conditions as in (A). Membrane localization of
the tGPH was visible in fat body cells in yeast- and fly food-fed larvae. For
sugar-fed larvae, no membrane localization was visible. In starved larvae,
the expression of tGPH was reduced so strongly that it was difficult to
determine its cellular localization (see also Figure S3). tGPH was detected
by antibody staining against GFP, shown in green.326 Cell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc.arm-Gal4 (low ubiquitous expression), whereas there was
repression using ppl-Gal4 (see Experimental Procedures), which
drives specific expression in the fat body (Zinke et al., 1999;
Figure 3D). This could be due to the higher level of specific
expression in the fat body by the ppl driver line. These results
support the view that dFOXO can repress tobi expression.
As in adults, tobi expression was higher in larvae grown on
yeast paste than in larvae grown on fly food (Figure 3E). These
results suggested that insulin/IGF signaling is higher in yeast
paste than in fly food, although the sugar content in fly food is
higher. This is somewhat counterintuitive since higher sugar is
usually associated with higher insulin signaling. On the other
hand, it is known in mammals that amino acids also increase
insulin secretion. We therefore monitored the expression of
d4e-bp and dinr under the two different dietary conditions, since
higher levels of these genes correlate with lower insulin signaling
(Ju¨nger et al., 2003; Puig et al., 2003; Wang et al., 2005; Zinke
et al., 2002). Both genes were expressed at a higher level in fly
food than in yeast (Figures 3E and 3F), suggesting a higher level
of insulin signaling in yeast paste than in fly food.
Since subcellular localization of dFOXO is dependent on insu-
lin signaling, we next monitored dFOXO localization in the fat
body under different nutrient conditions (Figure 4). In fly food
(high sugar/low protein) and in 20% sugar diet, dFOXO was
almost uniformly distributed between the nucleus and cyto-
plasm. Interestingly, a diet of pure yeast paste (high protein/
low sugar) also resulted in uniform distribution, suggesting that
a high-protein diet results in high insulin signaling. By contrast,
and as expected, dFOXO was strongly localized to the nucleus
under complete starvation. We also used tGPH localization to
the membranes as a measure of insulin signaling, where higher
membrane association correlates with higher signaling (Britton
et al., 2002). As shown in Figure 4B, the degree of membrane
localization appears greater in yeast than in 20% sugar (see
also Figure S3). Taking these results together with the earlier
quantitative analysis of d4e-bp and dinr expression levels, the
emerging view is that insulin signaling is higher in high-protein
than in high-sugar conditions in Drosophila larvae.
Increased Life Span upon IPC Ablation Occurs Only
on Protein-Rich Diet
Previous studies have demonstrated that reducing insulin signal-
ing extends life span (Broughton et al., 2005; Clancy et al., 2001;
Giannakou et al., 2004; Hwangbo et al., 2004; Tatar et al., 2001;
Wessells et al., 2004). Since ablating IPCs resulted in a marked
reduction of tobi expression, and since tobi expression was
highly dependent on food condition, we asked whether IPC
ablation would have different effects on life span under different
food conditions. Life span was extended in IPC-ablated flies
relative to control flies, but only on yeast paste and not on fly
food (Figures 5A and 5B). We also measured several physiolog-
ical parameters, which indicated that IPC-ablated flies are
compromised in their ability to adapt to differing food conditions
(Figure S4). Interestingly, in contrast to a previous study in which
life-span extension upon IPC ablation was accompanied by
decreased fecundity (Broughton et al., 2005), we did not observe
any significant difference in fecundity (Figure S4G). The differ-
ence between the two studies most likely lies in the different
reagents used—i.e., a weak dilp2 promoter used in earlier
Cell Metabolism
tobi, Target of Insulin- and Glucagon-like SignalsFigure 5. Physiological Effects of Altering
Insulin Signaling and tobi Activity
(A and B) Effect of impaired IPC signaling on
longevity under different conditions. Control flies
are indicated by black squares; IPC-ablated flies
are indicated by white circles.
(A) InsP3>LacZ control flies were compared to
InsP3>RPR/HID flies on fly food. No change was
observed in longevity (p = 0.4 by Wilcoxon).
(B) Same experiment as in (A), except on yeast
paste. IPC-ablated flies showed a longer life
span compared to controls (p = 0 by log-rank test).
(C) Knockdown of tobi via RNAi. Two different
transgenic lines, UAS-to2A2 and UAS-to1B5,
were crossed to an actin-Gal4 driver line to induce
tobi RNAi expression ubiquitously. As a control,
wild-type flies were crossed to an actin-Gal4
driver line. Flies were fed on yeast paste. Control
flies are indicated by black squares; experimental
flies are indicated by white circles (actin>to2A2)
and gray triangles (actin>to1B5). Significant
differences are actin>WT and actin>to2A2,
p = 4.47e8 (Wilcoxon); actin>WT and actin>
to1B5, p = 6.02e6 (Wilcoxon).
(D) Overexpression of tobi using the endodermal
driver xb30-Gal4. Two independent overexpres-
sion lines, UAS-toOvR3 and UAS-toOvH3, were
crossed to xb30-Gal4, and a wild-type strain was
crossed to xb30-Gal4 as control. Flies were fed
on fly food. Control flies are indicated by black
squares; experimental flies are indicated by white
circles (xb30>toOvR3) and gray triangles
(xb30>toOvH3). Significant differences are
xb30>WT and xb30>toOvR3, p = 1.27e12
(Wilcoxon); xb30>WT and actin>toOvH3,
p = 0.00214 (Wilcoxon).
(E) The overexpression line UAS-toOvR3 (Ov) was
crossed to the heat-shock Gal4 (hs-Gal4) driver;
as a control (Co), wild-type flies were crossed to
the hs-Gal4 driver. Heat shock was administered
for 40 min 1 day before examination of growth
phenotype. Three different groups of larvae were
studied: 63 hr, 88 hr, and 123 hr after egg laying.
(F and G) Weight (F) and glycogen content (G) of
adult females under conditions of tobi overexpres-
sion. Genotype of controls and experimental flies
are the same as in (E). Heat shock was adminis-
tered to adult flies 50 min daily for 5 days.
Glycogen content was significantly reduced in
flies overexpressing tobi.
Error bars represent standard deviation.studies and our dilp3 promoter may differ in timing, pattern, and/
or level of gene expression.
Since tobi is reduced upon IPC ablation, and since this results
in life-span extension on a yeast paste diet, we next asked
whether reducing tobi expression while keeping IPCs intact
would be sufficient to increase life span. We therefore generated
tobi RNAi lines to lower its expression (Table 1) and monitored
the life span of these lines on a yeast paste diet. Using an
actin-Gal4 driver to downregulate tobi expression, we did not
observe an increase in life span (Figure 5C; Figures S5A–S5C);
in fact, there was a decrease. We also measured various physi-
ological parameters in these flies and did not observe any
marked differences (Figures S5D–S5G). Therefore, lowering
tobi expression is not sufficient to extend life span.Conversely, we asked whether overexpressing tobi in flies
maintained on fly food, which have low endogenous level of
tobi, would shorten life span. tobi overexpression had a dramatic
effect on viability (Table 1). Strong drivers such as actin-Gal4
resulted in complete lethality at the first larval instar. Overexpres-
sion of tobi starting at later stages of larval development using
a heat-shock promoter also resulted in severe growth defects
(Figure 5E). These animals also had reduced levels of body
glycogen (Figures 5F and 5G), consistent with the view that
tobi encodes a glucosidase. However, it should be noted that
we have not measured the levels of TOBI protein, nor have we
directly demonstrated that TOBI possesses glucosidase activity.
Adults were obtained with certain drivers (e.g., xb30-Gal4, which
drives gene expression in the gut), and these, as expected, hadCell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc. 327
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Driver Expression Responder Lethality Knockdown/Overexpression
Knockdown via RNAi
actin-Gal4 ubiquitous UAS-to2A2  yes
actin-Gal4 ubiquitous UAS-to1B5  yes
ppl-Gal4 fat body UAS-to2A2  yes, weak
ppl-Gal4 fat body UAS-to1B5  yes, weak
G2-Gal4 ubiquitous UAS-to2A2  yes
G2-Gal4 ubiquitous UAS-to1B5  yes
Overexpression
actin-Gal4 ubiquitous UAS-toOvR3 embryo ND
actin-Gal4 ubiquitous UAS-toOvH3 embryo ND
tubP-Gal4 ubiquitous UAS-toOvR3 embryo ND
tubP-Gal4 ubiquitous UAS-toOvH3 first instar ND
arm-Gal4 ubiquitous UAS-toOvR3 first instar ND
arm-Gal4 ubiquitous UAS-toOvH3  no
xb30-Gal4 endodermal UAS-toOvR3  yes
xb30-Gal4 endodermal UAS-toOvH3  yes
ppl-Gal4 fat body UAS-toOvR3  yes
ppl-Gal4 fat body UAS-toOvH3  yes
G2-Gal4 ubiquitous UAS-toOvR3 first instar ND
G2-Gal4 ubiquitous UAS-toOvH3 males yes (females)
The table shows the Gal4 driver lines used and where they are expressed. The drivers were crossed to transgenic UAS lines expressing either tobiRNAi
(UAS-to2A2, UAS-to1B5) or the full-length tobi gene (UAS-toOvR3, UAS-toOvH3). Viable flies (‘‘’’) were tested for either knockdown or overexpres-
sion of tobi mRNA. ND, not determined.decreased life span (Figure 5D; Figure S5). Increased expression
of tobi thus strongly reduces organismal growth and viability.
tobi Is Regulated by the IPC-CC Axis
The IPCs in the brain send axons to the CC, an endocrine tissue
(Ikeya et al., 2002; Rulifson et al., 2002). DILP2 can also be de-
tected in CC cells and is likely transported and stored in these
cells after its synthesis in the IPCs (Rulifson et al., 2002). AKH,
a putative glucagon homolog, is specifically localized in the
CC, and the role of the CC in glucose homeostasis has already
been reported (Kim and Rulifson, 2004; Lee and Park, 2004).
These findings, together with the known complementary interac-
tion of insulin and glucagon in mammals, demonstrate an
intimate interaction between the IPCs and the CC in metabolic
regulation. We therefore asked whether tobi is also regulated
by CC cells. Ablation of these cells using the akh-Gal4 line (Lee
and Park, 2004) eliminated tobi expression (Figures 6A and
6B). These results demonstrate that tobi expression is depen-
dent on signals emanating from both IPCs and CC cells.
We then asked whether crossregulatory interactions exist
between DILP- and AKH-producing cells (IPCs and CC cells,
respectively). When we ablated the IPCs, expression of akh was
increased (Figure 6C). This is reminiscent of the mammalian sys-
tem, wherein a decrease in insulin increases glucagon secretion.
When we ablated the CC cells, there was a significant increase in
dilp3 expression, while dilp2 and dilp5 expression remained rela-
tively unchanged (Figure 6D). The physiological significance of
increased dilp3 expression is not known. However, these data
argue against a strict hierarchical relay mechanism whereby328 Cell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc.ablation of IPCs leads to an elimination of akh expression in CC
cells, which in turn leads to a repression of tobi expression.
Rather, both IPCs and the CC are required in parallel for tobi
expression and for processing multiple nutrient signals.
DISCUSSION
tobi Is Activated by Dietary Proteins and Repressed
by Dietary Sugars
The insulin/IGF signaling pathway has been implicated in
controlling a wide range of physiological activities (Gems and
Partridge, 2001; Tatar et al., 2003). Our results demonstrate
that tobi, which encodes a highly conserved a-glucosidase, is
a target of dilp activity: when IPCs are ablated, or when dilp
expression is reduced, tobi expression is eliminated. Reduction
of tobi expression using RNAi did not result in measurable
growth defects, but this could be due to compensation by other
glucosidases; there are approximately 20 a-glucosidase-encod-
ing genes in the Drosophila genome. Downregulation of tobi
results in upregulation of several of these genes (unpublished
data), suggesting, as one possibility, a compensatory mecha-
nism. By contrast, tobi overexpression severely reduces organ-
ismal growth and survival. The most revealing aspect of tobi
regulation is the opposing influence of dietary sugars and pro-
teins. This dual regulation allows for greater sensitivity and range
of adaptive response to different ratios of ingested protein and
sugars. To date, we are not aware of any Drosophila insulin
signaling target that displays such a qualitative and quantitative
response as a function of nutritional state.
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ducing Cells, IPCs, and tobi
(A and B) Targeted expression of LacZ or RPR/HID
under control of the akh promoter. The level of tobi
expression is decreased in akh-cell-deficient flies
fed on yeast paste (A) or fly food (B), as shown
by RT-PCR. To destroy AKH-producing cells,
akh-Gal4 was crossed to UAS-RPR/HID;
akh-Gal4 crossed to UAS-LacZ served as control.
(C) akh expression is increased in IPC-deficient
larvae and adults, whereas dilp expression is
decreased. To ablate IPCs in larvae, the dilp2-
Gal4 driver was crossed to UAS-RPR; wild-type
flies crossed to UAS-RPR served as control. To
ablate IPCs in adults, the InsP3-Gal4 driver was
crossed to UAS-RPR/HID; InsP3>LacZ served as
control. The control lines were set as 1; flies
were fed on yeast paste. The high expression of
dilp3 in adult IPC-ablated flies may be due to ex-
pression of dilp3 in peripheral tissues. Error bars
in (C) and (D) represent standard deviation.
(D) Expression of dilps is not altered in larvae and
adults deficient in AKH-producing cells, except for
dilp3, which is upregulated only in adults (see text
for details). To ablate AKH-producing cells, the
akh-Gal4 driver was crossed to UAS-RPR/HID.
akh>LacZ served as control and was set as 1; flies
were fed on yeast paste.
(E) Model of nutrient-dependent tobi regulation by
the IPC-corpora cardiaca (CC) axis. Amino acids
act positively on both the IPC and the CC system;
by contrast, sugars act positively on the IPC sys-
tem and negatively on the CC system. The IPC
system also regulates the CC system, as can be
deduced from the projection pattern of IPC axons
to the CC (Rulifson et al., 2002). IPC signaling
results in repression (by nuclear exclusion) of
dFOXO activity and, consequently, the repression
of d4e-bp activity; CC signaling results in activa-
tion of an as yet unidentified transcription factor
(‘‘X’’), which in turn activates tobi expression.
Thus, this dual system responds to the combined
effects of amino acids and sugars (see text for
further details). Thin arrows denote activation;
blunted lines denote repression.Insulin- versus Glucagon-like Signaling Pathways
The opposing regulation of tobi by dietary protein and sugar is
reminiscent of the glucagon system in mammals. Insulin and
glucagon represent two key components that control body
metabolism in a complementary manner (Freychet, 1990;
Ganong, 1991). Dietary sugar produces opposite effects on
these two components, increasing insulin secretion but decreas-
ing glucagon secretion. In contrast, dietary protein increases the
secretion of both insulin and glucagon. What is the physiological
reason behind this differential regulation by proteins and sugars?
After a meal high in protein and low in carbohydrate, the con-
comitant release of insulin and glucagon is required to prevent
insulin-induced hypoglycemia (Freychet, 1990; Ganong, 1991).The opposing regulatory effects of sugars and amino acids
thus make metabolic sense in light of the homology of tobi to
a-glucosidases. Although we do not have biochemical evidence,
a likely function of tobi is to break down glycogen. This hypoth-
esis is supported by the observation that overexpression of tobi
leads to decreased body glycogen. Upon high sugar/low protein
intake, tobi is repressed since it does not need to break down
glycogen. Upon high protein/low sugar intake, tobi expression
is increased since the effective concentration of sugar is lowered
and more glucose needs to be released; at the same time, insulin
signaling continues to increase body protein synthesis. The
similarity to the glucagon pathway in tobi regulation is further
supported by the fact that tobi is eliminated when CC cells areCell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc. 329
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analogous to the glucagon-producing cells (Kim and Rulifson,
2004). The IPCs also send axonal projections that directly
contact the CC, reminiscent of the tight association between
the insulin-producing b and glucagon-producing a cells of the
mammalian pancreas. In addition, DILP2 is found in the CC cells
(Rulifson et al., 2002), making it likely that the IPCs regulate the
activity of the CC cells and that the combined activities of these
two neuroendocrine systems modulate tobi expression.
Nutrient-Dependent Life-Span Regulation
by Insulin-like Peptides
It has been shown that ablation of IPCs can extend life span
(Broughton et al., 2005; Wessells et al., 2004). Our results
support this observation when flies were maintained on yeast;
when flies were maintained on fly food, there was no significant
difference between IPC-ablated and control flies. Thus, the
life-span-extending effect of decreased insulin signaling may
be observable only on certain diets, such as a high-protein
diet. Furthermore, the life-span extension observed previously
(Broughton et al., 2005) was accompanied by a significant
decrease in fecundity, which we did not observe. There is
a trade-off between reproduction and life span, but this is not
necessarily causal since decreased fecundity does not invariably
extend life span (Mair et al., 2004; Partridge et al., 2005). Our
data indicate that IPC ablation specifically in adults can extend
life span without affecting reproduction.
Although IPC-ablated flies maintained on yeast showed
extended life span and decreased tobi expression, and although
tobi overexpression resulted in lethality, lowering tobi levels did
not extend life span. The simplest explanation for this finding is
that IPC ablation affects the activities of many different gene
products, some of which mediate life-span-extending effects
and others of which do not. Although lowering insulin signaling
can extend life span, it should be kept in mind that complete
elimination of its components, such as dinr, or the ablation of
IPCs at the larval stage results in lethality or severe growth de-
fects. Furthermore, a lack of insulin in mammals causes diabe-
tes, not life-span extension. Given the plasticity of tobi regulation
in response to different combinations of nutrient signals, the pre-
cise role of tobi in life-span regulation and metabolism remains to
be determined. In this context, we note that different criteria have
been used to gauge the level of insulin signaling in Drosophila,
including intracellular localization of dFOXO and the expression
levels of genes affected by nutrients, such as d4e-bp and dinr.
The current study indicates that proteins may have a greater
effect than sugars on insulin signaling, and evidence is growing
that quality and not only quantity of calories taken in has an
influence on life span (Piper et al., 2005; Tatar, 2007). Therefore,
teasing apart the relative contributions of dietary proteins and
sugars in insulin signaling should prove insightful.
Processing of Multiple Metabolic Signals by the Brain
The food that animals eat rarely comes in pure form, and it is
unlikely that any single signaling pathway or transcription factor
mediates the effects of multiple metabolic signals. In mammals,
for example, another forkhead transcription factor, FOXA2, has
been shown to be involved in insulin signaling in addition to
FOXO (Puigserver and Rodgers, 2006; Wolfrum et al., 2004).330 Cell Metabolism 7, 321–332, April 2008 ª2008 Elsevier Inc.The two factors are thought to respond differentially to a given
insulin level. In flies, as in mammals, the interaction between
the insulin- and glucagon-like systems may give rise to diverging
signaling pathways that respond to different dietary conditions.
Based on these considerations, we propose the following model
for the regulation of tobi (Figure 6E). Dietary proteins (amino
acids) and sugars differentially influence signaling pathways in
the IPCs and CC cells. Amino acids increase both signaling path-
ways, whereas sugar increases the IPC but decreases the CC
pathway. These then diverge and run parallel: transcriptional
events downstream of IPCs are mediated by dFOXO, whereas
those downstream of the CC are mediated by an as yet uniden-
tified factor (‘‘X’’), which would be the activator of tobi. dFOXO
may also be involved, either directly or indirectly, in repressing
tobi. Further studies on tobi regulation by insulin- and gluca-
gon-like peptides should provide additional insights into how
the central neuroendocrine system senses and processes
multiple metabolic signals.
EXPERIMENTAL PROCEDURES
Fly Strains
Oregon-R-S (Bloomington Drosophila Stock Center [BDSC] #4269) was used
as wild-type control. The following lines were used: UAS-RPR (BDSC #5824),
UAS-HID (a gift of E. Hafen), UAS-TeTxLC (Sweeney et al., 1995), UAS-LacZ
(BDSC #3955), UAS-tLacZ (BDSC #5829), akh-Gal4 (J.H. Park), hs-Gal4
(GAL4-Hsp70.sev, BDSC #2023), xb30-Gal4 (endodermal driver, a gift of
M. Hoch), actin-Gal4 (a gift of A. Huber), G2-Gal4 (Mz-1032.hx, a gift of R. Paro),
arm-Gal4 (armadillo, BDSC #1560), tubP-Gal4 (tubulin, a gift of G. Wahlstro¨m),
dilp2-Gal4 (a gift of E. Rulifson), dfoxo21 and dfoxo25 (gifts of M. Ju¨nger), and
UAS-dFOXO (a gift of M. Tatar).
The dilp3 promoter construct was made by cloning an 860 bp PCR fragment
(using 50-GCTAACTGATGATGTTTGGCCC-30 and 50-GACACTTGGCCAACAC
ACACAC-30 as primers) into a pCaSpeRAUG-Gal4 vector (a gift of L.B. Vos-
shall). The dilp3 RNAi construct was made by cloning a 370 bp fragment of
dilp3 (using 50-GCATCGAGATGAGGTGTC-30 and 50-CTCGGCTTGGCAGC-30
as primers) into pCRII-TOPO vector (Invitrogen), then cut with EcoRI and
ligated with Sym-pUAST vector (Giordano et al., 2002). tobi RNAi construct
to2A2 was obtained by cloning a 935 bp PCR fragment (using 50-GCAATCTAG
AGGAGTTCACCCTGGTCAAAA-30 and 50-GCAATCTAGAATGCCATCCTCAT
CCTGAAG-30 as primers) with introduced XbaI restriction sites twice into the
pWIZ vector (Lee and Carthew, 2003) to create an inverted repeat. tobi RNAi
construct to1B5 was created by cloning a 1.4 kb PCR fragment (using 50-GA
GCAGCGCTACAAGTTTCC-30 and 50-AACCGTTGAGGTTCATTTGC-30 as
primers) into pCRII-TOPO vector, then cut with EcoRI and ligated into Sym-
pUAST vector. The tobi overexpression line was made by cloning a 2.2 kb
fragment spanning the complete genomic sequence (using 50-GTGTTGTGAG
AAAGGCACGA-30 and 50-CGATCCATTCGATTTTACCAA-30 as primers) into
pCRII-TOPO vector, then cut with EcoRI and ligated into pUAST vector (Brand
and Perrimon, 1993).
ppl-Gal4 was made by cloning a 4 kb genomic fragment containing the
pumpless (ppl) coding region (Zinke et al., 1999) together with an 3 kb flank-
ing sequence into the p221-4 Gal4 vector. This line drives a high level of target
gene expression in the larval fat body. Transgenic flies were obtained using
a standard injection protocol (Voie and Cohen, 1998); w1118 (BDSC #3605)
was used as background.
Feeding and Developmental Assays
Gal4 and UAS lines were crossed, and offspring were allowed to develop on
normal fly food. Eclosed flies were collected every 2 to 3 days and aged for
11 days on fly food. Females were sorted, and after 1 day of recovery from
CO2 treatment, they were put on either yeast paste (living yeast, diluted with
PBS) or fly food on a filter paper soaked with PBS. Control flies were handled
the same way. Alternative food sources consisted of a dilution series of yeast
extract, casein, sucrose, and glucose. For measurement of body composition,
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10 on the particular feeding condition. For developmental studies, eggs from
wild-type flies were collected on apple-juice agar plates with yeast paste.
Larvae were collected at 39 hr, 64 hr, 88 hr, and 111 hr after egg laying. All
experiments were performed at 25C.
Heat-Shock Assays
Larva
Egg collections were maintained at 25C on yeast paste to the desired larval
instars. Heat shock was administered for 40 min at 37C, and the larvae
were then returned to 25C. One day later, size differences between experi-
mental lines and controls were monitored.
Adult
Freshly eclosed adults were collected over a period of 2–3 days and
maintained on fly food at 25C. Heat shock was administered daily for
50 min at 37C over a period of 5 days. Two hours after the last heat shock,
flies were quick frozen in liquid nitrogen before proceeding to the glycogen
measurement.
Fly Food
Standard fly food contained 80 g agar, 1 l molasses, 165 g brewer’s yeast, 815 g
corn meal, and 200 ml nipagin (200 g/1 l ethanol) in 13.3 l of water. Overall yeast
content was approximately 1.3%.
Histochemistry and Fluorescence Microscopy
Histochemical in situ hybridizations were performed according to Melcher and
Pankratz (2005) using digoxigenin-, biotin-, and fluorescein-labeled ribo-
probes. For fluorescence in situ hybridizations, the signal was amplified using
a Tyramide Signal Amplification Kit (PerkinElmer) as described in Melcher and
Pankratz (2005). Images of histochemical in situ hybridizations were taken with
a Zeiss AxioCam HRc. Fluorescence images were taken with a Zeiss LSM
510 META in confocal multitracking mode.
Antibodies
Primary antibodies were anti-FOXO (from rabbit; Puig and Tjian, 2006) and
monoclonal anti-green fluorescent protein (GFP) (from mouse; Sigma-Aldrich).
Secondary antibodies were Cy3 anti-rabbit (Dianova) and Alexa 488
anti-mouse (Molecular Probes). Nuclear stainings were performed with
Draq5 1:1000 (Biostatus Limited).
RNA Extraction and Quantitative RT-PCR
Total RNA from larvae was isolated with NucleoSpin RNA II (Macherey-Nagel)
following the manufacturer’s protocol. Total RNA from adults was extracted
with TRIzol (Invitrogen)/chloroform, precipitated with isopropanol, and diluted
in distilled water. mRNA was extracted from total RNA using the MicroPoly(A)-
Purist Kit (Ambion). For RT-PCR and real-time RT-PCR, either 1 mg of total RNA
or 100 ng of mRNA was used for cDNA synthesis according to standard proto-
cols. Real-time RT-PCR was performed with an ABI Prism 7000 SDS (Applied
Biosystems). PCR reactions consisted of first-strand cDNA template and SYBR
Green PCR Master Mix (Applied Biosytems); primers were designed according
to the manufacturer’s protocol. Actin 5C was used for normalization.
Life Span
Male and female flies were collected for 2–3 days, put together in cages with
PBS agar plates, and supplied with yeast paste as the only food source. Plates
were usually changed every 2–3 days, and dead flies were counted. In case of
larval overcrowding, plates were changed more often. For each fly line, several
cages were set up. For studies with fly food as food source, flies were put in
vials and supplied with standard fly food. Vials were flipped every 2–3 days.
In this case, there was no overcrowding of larvae.
Fecundity
Five females and five males (0–24 hr old) were put together in cages with PBS
agar plates and supplied with yeast paste as the only food source. Plates were
changed daily, and eggs were counted. Numbers were summed up per fly and
displayed as a sum diagram. Each setup was repeated three times.Body Measurements
Lipid and Glycogen Measurements
Ten-day-old female flies fed either fly food or yeast paste for 2 days were quick
frozen in nitrogen and weighed. Lipid and glycogen measurements were
performed according to Van Handel and Day (1988). In order to reduce devia-
tions, two flies were always ground up together in 500 ml Na2SO4, and half of
the material was measured afterwards.
Protein Measurement
As with lipid and glycogen measurements, 10-day-old female flies fed either fly
food or yeast paste were quick frozen and weighed. In this case, three flies
were always ground up together in 300 ml of protein extraction buffer (Stocker
et al., 2003). One-third of the extract was then measured using the RC DC Pro-
tein Assay Kit (Bio-Rad) following the manufacturer’s standard assay protocol.
The results from lipid, glycogen, and protein measurements were normal-
ized according to the weight of the flies and calculated as percent of wet
weight per fly.
Hemolymph Measurement
Twelve-day-old female flies were fed either fly food or yeast paste for 2 days.
To extract hemolymph, flies were cooled down on ice, the thorax was punc-
tured with a fine needle, and hemolymph was extracted by centrifugation for
6 min at 4C, 1500 3 g. The collected samples were diluted 1:20 with distilled
water, and a 2 ml sample was measured using Infinity Glucose Reagent
(Thermo Electron) and porcine kidney trehalase (Sigma). Protocol was adapted
from Rulifson et al. (2002); the trehalase concentration used was 1:500.
DNA Microarrays
Genome-wide expression profiles were determined using self-spotted cDNA
microarrays (Bauer et al., 2004, 2006). mRNA was extracted from total RNA
using the MicroPoly(A)Purist Kit (Ambion); cDNA was labeled with either Cy3
or Cy5 using the CyScribe First-Strand cDNA Labeling Kit (Amersham Biosci-
ences) and hybridized to the arrays. Data and statistical analyses were
performed as described previously (Bauer et al., 2004, 2006).
Statistics
Mean values were tested by ANOVA at either the 0.01 or 0.05 significance
level. For longevity data, either log-rank test (for noncrossing graphs) or
Wilcoxon test (for crossing graphs) was applied using the statistical software
R, version 2.3.1.
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The microarray data reported herein have been deposited at the National
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